Abstract-Body temperature is one of the fundamental measures considered in the assessment of health and well-being, with various medical conditions known to give rise to abnormal changes in temperature. In particular, abnormal variations in dynamic temperature patterns during walking or exercise may be linked to a range of foot problems, which are of particular concern in diabetic patients.
I. INTRODUCTION
Monitoring the changes of physiological factors in time is useful when investigating the behavior or response of the human body to external factors. Changes in temperature are considered highly relevant for the monitoring of sports performance [1, 2] , patients undergoing surgery [3] , stroke patients [4] , pressure ulcer development tracking [5, 6] , and other scenarios [7] . In particular, temperature changes are considered to play an important role in tissue breakdown and ulceration [8] .
A typical approach adopted in most studies to determine normative patterns of temperature variations across a population involves acquiring temperature data from multiple subjects following an acclimatisation period, and then averaging the acquired data [9] [10] [11] . Zontak et al. [10] investigate the change of hand temperature with time by averaging data acquired from a number of participants during exercise. The mean and standard deviation of the acquired data across participants are then used to characterize normal temperature values. Similarly, Nardin et al. [11] considered the mean, standard deviation, minimum and maximum values in their investigation of the effect of ambient temperature and age on foot temperature. Sandoval-Palomares et al. [12] also consider averaging of acquired temperature signals in combination with curve fitting for monitoring microclimate in footwear. In the studies by Shimazaki et al. [13, 14] , the thermal environment inside footwear was also investigated. However, in this case, the initial temperature values for each recording were subtracted from the temporal signals in an attempt to improve the estimated population temperature trends.
In this work we show that the aforementioned direct averaging or baseline temperature subtraction procedures that are often adopted in the literature can lead to a significant loss of information as well as a potential distortion of the estimated temperature trends in a population of interest. We demonstrate that a better outcome of temperature trends within a population can be obtained by time shifting and combining absolute temperature data from multiple participants and multiple sessions based on the root mean square differences between the recorded signals. We show that the resulting temperature curves obtained using this approach can provide a better representation of actual dynamic temperature changes and can better take into account the factors influencing the observed temperature trends.
II. METHOD
In order to determine normative temperature trends across participants for a particular task, we propose a method based on a minimization of the root mean square difference (RMSD) between temperature recordings combining data from multiple sessions, multiple participants, and varying influencing factors such as ambient temperature and gender. The proposed method is expected to be more appropriate for determining temporal trends in temperature than the conventionally applied mean computation at every time point because the proposed approach can combine temperature signals that exhibit different initial conditions and that are influenced by other factors, taking into consideration the thermoregulatory process of the human body [15] . Considering the temperature-time trend described in [15] , computing the mean at every time point could possibly omit information which is critical for the analysis of the influencing factors.
A. Experimental Setup
For the purpose of this study, data was gathered from 14 participants consisting of 5 males and 9 females, with a mean age of 49 (±13.3) years. Temperature data was captured from the left and right foot of every participant and treated as a separate data set irrespective of the fact that the left and right foot data are coming from the same participant. Participants were asked to first lay in a supine position, barefoot without any plantar surface contact for 15 minutes for an acclimatisation interval. The participants were then required to walk for 40 minutes on a treadmill in a lab at what they considered to be a comfortable pace, generally in the range of 5 to 6 km/hr depending on their preference. For each participant, two recording sessions were conducted, one session in winter with an average ambient temperature of 17.1°C and a second session in summer with an average ambient temperature of 28.2°C. This study was approved by the University of Malta Research Ethics Committee and all the participants gave their informed consent to participate in this study.
Temperature data was gathered using an in-shoe thermistor placed close to the hallux (big toe) using a BIOPAC MP150 (BIOPAC Systems, Inc.) and AcqKnowledge Software v4.1. The temperature data was originally captured at 1000 samples per second and subsequently median filtered to reduce the influence of any outliers in the data. The data was also subsampled to rate of 1 sample/minute, which was considered sufficient to capture the slow changing temperature variations of interest. During the first few minutes of their threadmill walk the participants were still determining a suitable walking speed and acclimatizing further. Therefore, only the last 34 minutes of the captured data during walking were considered for further analysis.
The recorded in-shoe temperature measurements from the different participants and sessions were combined using the proposed RMSD method to obtain general temperature trends, and the results obtained were compared to those obtained using conventional simple averaging procedures.
B. Data Alignment Based on RMSD
The first step of the proposed method involves computing the RMSD between each pair of temperature signals acquired across individuals, sessions and any other factors. The RMSD is also computed for each possible relative time shift between each pairwise combination of signals. An array of RMSD values, ( ), is thus obtained where in order to minimize their RMSD. Fig. 1 shows an example of two signals which were found to have a minimum RMSD at a time shift of 19 samples, before and after alignment. This process can be repeated for each signal ( ) each time identifying and aligning the signal ( ) that yields the minimum RMSD.
The last step of the method involves a combination of all time-shifted signals from all the participants and sessions to extract general trends in the considered data through an iterative repetition of this RMSD minimization approach. The average trend obtained after applying this approach is expected to better represent general underlying physiological phenomena across participants and sessions than direct averaging of the original data.
III. RESULTS Fig. 2 shows the original temperature data for male and female participants commonly analyzed separately by gender, together with the overall average and standard deviation using the conventional averaging approach typically adopted in the literature. The individual data sessions captured during summer and winter with the superimposed mean and standard deviation are shown in Fig. 3 , while Fig. 4 and Fig. 1 (a) Superimposed plot of temperature data acquired during two recording sessions as considered for conventional analysis. (b) the resulting temporally shifted data from the same two sessions using RMSD to determine the least error between the two curves. Fig. 5 show the results obtained when the temperature data is realigned using the proposed RMSD method. Note that Fig. 4 and Fig. 5 contain the same colour-coded data to highlight different underlying factors, making it easier to analyse their effect on the data being captured.
IV. DISCUSSION
A comparative analysis of the outcome from the conventional averaging approach with respect the proposed RMSD based approach is presented in this section.
As shown in Fig. 2 and Fig. 3 , the conventional averaging approach averages time-locked data across participants irrespective of the initial absolute temperature. However, it is clear that initial temperature conditions vary widely across participants, even after the acclimatisation interval, leading to an average trend with high standard deviations at each time point. Observing the data from female participants in Fig.  2(b) , initial temperatures vary significantly leading to different temperature-time trends. The initial temperature is affected by the ambient temperature, as is evident from the seasonal data, and is also expected to be affected by subjective reactions to the ambient temperature and anatomical differences between individuals. The original temperature patterns in Fig. 2(b) , represented by the light red plots, can be categorized into three groups. A slow temperature-time trend is observed for temperatures below 24°C while faster temperature changes are observed for temperatures in the 24°C to 28°C degrees Celsius region. Initial temperatures above 28°C again exhibit slow temporal changes in temperature which plateau at about 36°. These different temperature trends are completely overlooked when an average temperature value is calculated for every time point. The resulting temperature patterns shown in Fig. 4 and Fig. 5 are more representative of the temperature patterns expected due to the physiological changes linked with thermoregulatory processes in the human body. The "S"-shaped characteristic observed here can be associated with the thermoregulatory process as reported by Kenny et al. [15] .
From Fig. 4 and Fig. 5 it can also be seen that in contrast with the conventional averaging method, the proposed approach allows for the combination of data gathered from males, females and at different ambient temperatures (different seasons), yielding results that support current physiological understanding of thermoregulatory processes [15] . The different influencing factors considered in this study, namely gender and season, are colour-coded in Fig. 4 and Fig. 5 . The effect of gender can be observed in Fig. 4 with female participants exhibiting a lower initial temperature with respect to males in general. Analysing the effect of season, in Fig. 5 it can be observed that in the winter season the initial temperature values across participants tend to be spread over a wider and lower range of values. In contrast, in summer, the initial temperatures lie within a narrower range centred about a higher temperature value.
Another characteristic that can be observed from the Fig. 4 and Fig. 5 , is the longer time interval over which the resulting curve spans. While the data was analysed for 34 minute sessions for the conventional method, plotting the data using the proposed method results in a curve spreading over a longer time span due to the different temperature-time trends at the different starting temperatures. The resulting curve could possibly serve as an indication of how temperature would vary with time over a longer period depending on the temperature value at the beginning of a particular recording session. This hypothesis would have to be verified with additional data capture sessions of longer durations.
The proposed approach of applying the RMSD to a set of captured data and plotting the matched trends can easily be extended to data captured from different recording intervals. Using the proposed method, all of the data captured from the different subjects or sources can be integrated into one plot that captures the influence of underlying factors that influence the recorded temperature patterns.
The proposed method could be further improved by investigating the effect of modifying the minimum number of overlapping points between each pair of signals considered during the RMSD computation. Collecting data from more subjects and under different conditions could course further strengthen the advantages of the proposed method.
V. CONCLUSION
General temperature trends for a sample of participants are typically determined by computing the average temperature signal from a number of recording sessions. However, the averaging procedures proposed in the literature simply assume time locking for recordings from different participants, without taking into consideration other factors that may influence the recorded data. In this work we proposed and assessed a new approach for the determination of generic temperature trends that into account different influencing factors. The results obtained indicate that by using the proposed RMSD method, different aspects of the data obtained from different recording sessions and participants can be integrated and characterized by a common temperature model.
While the analysis carried out in this work focused on data obtained during a walking activity, the same concept can easily be adopted to analyse temperature recordings acquired during other activities, or in relation to different body regions or medical conditions.
